Abstract
Introduction

28
Coordinated migration of cell collectives is a widespread phenomenon, being seen 29 predominantly during embryonic development but also during tissue repair in adults, for 30 example. The molecular and cellular mechanisms underlying collective cell migration have been 31 studied in vivo in different model organisms (Friedl and pathway appears to bias the focal activation of FGF signaling to the left, after a significant delay 67 the restriction of FGF activity still occurs in the absence of Nodal activity and the parapineal 68 migrates (Roussigné et al., 2018) . 69
70
All parapineal cells appear competent to activate the FGF pathway begging the question as to 71 how the activation of the pathway is restricted to only a few cells. In this study, we address 72 whether Notch signaling might modulate the activation of FGF pathway in the parapineal. We 73
show that while loss-of-function of Notch leads to expanded FGF pathway activation in the 74 parapineal, activating the Notch pathway causes a strong reduction in the expression of the 75 FGF reporter transgene, with both contexts leading to defects in parapineal migration. Loss or 76 well described loss-of-function context for the Notch pathway (Itoh et al., 2003) . At 32 hours 101 post-fertilisation (hpf), we observed a larger number of Tg(dusp6:d2EGFP) Figures 1A-1B', 1E ). The increase in Tg(dusp6:d2EGFP) 104 expressing cells was not accompanied by an increase in the number of parapineal cells 105 expressing sox1a, the earliest described parapineal specific marker (Clanton et al., 2013 ) 106 ( Figures 1C-1D, 1G) , although we observed a slight increase in the total number of parapineal 107 cells as determined using nuclear staining to visualize the parapineal rosette (22±7 in mib (Figure 1-figure supplement 1, C) (Figures 1M, 1N) . Using gfi1ab as a marker, for example, we found that the parapineal 129
had not migrated in 35% of mib -/-embryos (n=12 of 35 embryos; Figures 1I", 1N) , while it 130 migrated to the left in more than 95% of control embryos (n=39/40, Figures 1H, 1N, p-131 value<0.0001); the parapineal in mib -/-mutant embryos also migrated to the right more often 132 than in controls (17%, n=6/35; Figures 1I', 1N) . 133
In embryos injected with rbpj a/b MO (4ng), the mean position of parapineal cells at 32 hpf was 134 closer to the midline, suggesting a similar defect in parapineal migration as observed in mib -/-135 mutant embryos (Figure 1-figure supplement 1, D) . Using gfi1ab as a marker at 48 hpf, we 136 found that both parapineal migration per se and the orientation of migration were significantly 137 affected in rbpj a/b morphants (Figure 1-figure supplement 1, A-B', E) . While the parapineal 138 migrated to the left in most uninjected controls (94%, n=31/33), in rbpj a/b morphants migration 139 was blocked (13% of the embryos, n=6/46; p-value=0.0001) or its orientation was partially 140 randomized (left in 67% of the embryos, n=31/46; right in 20% of the embryos, n=9/46; p-141 value=0.0002) (Figure 1-figure supplement 1, A-B', E) . 142
Taken together, our data show that loss of Notch signaling results in defects both in parapineal 143 migration per se (distance from the midline) and in the laterality of migration (left orientation), 144
and that this correlates with the FGF signaling pathway being activated in more parapineal cells. 145
146
Loss of Notch signaling results in an increase in the number of certain parapineal cell 147
subtypes. 148
While quantifying parapineal mean position at 48 hpf, we observed an overall increased in 149 number of sox1a expressing cells in mib -/-mutants at this stage ( Figure 1O ) despite finding no 150 significant change at 32 hpf ( Figure 1G) . Similarly, we found that the number of gfi1ab positive 151 cells at 48 hpf was significantly increased in mib -/-mutants (23±5) compared to control embryos 152 (17±4; p-value=3.901e-07) (Figures 1H-1I'', 1P) . In embryos injected with 4 ng of rbpj a/b MO, 153
we also observed that the number of gfi1ab expressing parapineal cells at 48 hpf was 154 significantly increased (19±6) compared to control embryos (14±3; p-value<0.0001) (Figure 1-155   figure supplement 1, A-B', F) . In contrast, the number of parapineal cells expressing tbx2b, a 156 marker previously suggested to label parapineal progenitors (Snelson et As NICD expression led to a loss of Tg(dusp6:d2EGFP) and sox1a expression, we first relied on 262 nuclear staining to assess parapineal cells mean position in this context at 36 hpf. We found 263 that the parapineal was closer to the midline in embryos expressing NICD from 26 hpf, (-8.7 ± 264 6.3 µM; n=16) compared to control embryos (-20.5 ± 8.3 µM; n=16; p-value=0.001) (Figures  265   3A-F, 3K ). This migration defect was also revealed by analyzing the mean position of tbx2b 266 expressing parapineal cells at 36 hpf (p-value=0.0017) ( Figure 3L ). Defects in parapineal 267 migration were confirmed at 48 hpf using sox1a, gfi1ab and tbx2b as markers to assess PP 268 mean position ( Figure 3M -R, 3V-X); for instance, when gfi1ab positive cells were detected, their 269 mean position was significantly closer to the midline in embryos expressing NICD from 26 hpf (-270 10.1 ± 14 µM; n=18) compared to control embryos (-34.6 ± 7.5 µM; n=27) (p-value<0.0001) 271 (Figures 3O-P, 3W) . Parapineal mean position was also affected in embryos with NICD induced 272 just before parapineal formation (heat shock at 22 and 24 hpf), or after parapineal formation 273
(heat shock at 28 and 32 hpf), although in the latter case, the penetrance varies ( 
Discussion
341
In this study, we address how activation of the FGF pathway is restricted within parapineal cells. 342
We 
Notch acts upstream of FGF signaling to promote parapineal migration. 373
In most models describing cross-talk between the Notch and FGF pathways, Notch signaling is 374 
Conclusion: 465
Our study shows that Notch signalling is required for parapineal migration through its capacity to 466 trigger cell state differences in FGF signaling and to restrict FGF activity to a few leading cells. 
Materials and Methods
474
Fish lines 475
Embryos were raised and staged according to standard protocols (Westerfield, 2000 (from Roche or Sigma Aldrich) as an alkaline phosphatase substrate. Immuno-stainings were 544 performed in PBS containing 0,5% triton using anti-GFP (1/1000, Torrey Pines Biolabs) and 545
Alexa 488 or Alexa 555-conjugated goat anti-rabbit IgG (1/1000, Molecular Probes). For nuclear 546 staining, embryos were incubated in ToPro-3 (1/1000, Molecular Probes) for 1h as previously 547 described (Roussigné et al., 2018) . 548
Image acquisition 550
Confocal images of fixed embryos were acquired on an upright Leica SP8 confocal microscope 551 using the resonant fast mode and either an oil x63 (aperture 1.4) or x20 (aperture 1.4) objective. 
Statistical analysis 578
Statistical comparisons of datasets were performed using R Studio or GraphPad Prism software. 579
For each dataset, we tested the assumption of normality with Shapiro-Wilks tests and variance 580 homogeneity with F tests. As datasets on the number of parapineal cells were usually normal 581 and often of unequal variances, they were compared using unpaired Welch t-tests; means (± 582 SEM) are indicated as horizontal bars on dot plots. Data on parapineal mean position usually 583 did not distribute normally (because of few embryos with the parapineal on the right) and were 584 compared using the Wilcoxon rank sum non-parametric tests; we also compared parapineal 585 mean position datasets with Welch t-tests using absolute values to discriminate between a 586 defect in laterality (i.e. left-right randomization of parapineal migration) and a defect in migration 587
per se (i.e. distance from the midline). Most data are representative of at least two and more 588 often three independent experiments and the number of biological replicates is mentioned in the 589 figure legends for each graph. Means (± SD) are indicated in the text. 590
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